In situ time-of-flight neutron diffraction and high-energy x-ray diffraction techniques were used to reveal the preferred reselection of martensite variants through a detwinning process in polycrystalline Ni-Mn-Ga ferromagnetic shape memory alloys under uniaxial compressive stress. The variant reorientation via detwinning during loading can be explained by considering the influence of external stress on the grain/variant orientation-dependent distortion energy. These direct observations of detwinning provide a good understanding of the deformation mechanisms in shape memory alloys.
I. INTRODUCTION
Ferromagnetic shape memory alloys ͑SMAs͒ such as Ni-Mn-Ga, [1] [2] [3] Fe-Pt, 4 and ͑NiCo͒-Mn-In 5, 6 have received great attention due to their giant magnetic-field-induced strain ͑MFIS͒ and shape memory effect ͑SME͒. The MFIS is achieved through a reorientation of martensitic variants ͑mo-tion of twin boundaries͒ where their easy magnetization axis becomes aligned along an applied magnetic field. 7 For the Ni-Mn-Ga͑In͒ alloy system, detwinning is an important process that plays a crucial role in controlling the MFIS. In spite of previous experimental investigations on the external-fieldinduced strain in alloys such as Ni-Ti ͑Ref. 8͒ and Ni-Mn-Ga, 9 the physical mechanisms behind the detwinning process, particularly regarding the intrinsic physical nature of variant selection, are far from fully understood. Neutron diffraction and high-energy x-ray diffraction techniques provide effective methods for in situ studies of deformation processes in SMAs, such as Ni-Ti, 10, 11 FePd, 12, 13 and Ni-Mn-Ga, [14] [15] [16] [17] [18] under various loading and/or heating conditions. In this work, the principles of the detwinning mechanism under a uniaxial loading of Ni-Mn-Ga SMAs are revealed. The chosen Ni-Mn-Ga alloy has a simple ͑tetragonal͒ structure with a large c / a value, which makes it an ideal target for the investigation of variant-selectionmediated plasticity in materials with a high anisotropy.
II. EXPERIMENT
A Ni-Mn-Ga ingot with a nominal chemical composition of 49% Ni, 25% Mn, 22% Ga, and 4% Co in atomic percent was prepared by the arc-melting method. A part of the ingot was then cast into an ice-water cooled copper mold, and subsequently a rod of 7 mm in diameter and 20 mm in length was cut by a spark machine. Neutron diffraction experiments on the rod show that the specimen has a nonmodulated martensitic structure ͑I4 / mmm͒ at room temperature with a = 3.897 Å and c = 6.438 Å. 18 Two rectangular specimens 2.0 mm ͑height͒ ϫ2.0 mm ͑width͒ ϫ4.0 mm ͑longi-tude͒ were cut from the other part of the polycrystalline ingot, one of which was used for high-energy x-ray diffraction experiments. The other specimen was polished and placed on a small dedicated loading device mounted on a JOEL-7001F scanning electron microscope ͑SEM͒ for observing the in situ change in the microstructural characteristics ͑including grain size, twinning, etc.͒ under the compression deformation. The amount of deformation was controlled with a screw that adjusted the displacement of two headers attached on the two sides of the specimen.
In situ neutron diffraction experiments on the rod were performed on the ENGIN-X engineering diffractometer at the ISIS spallation neutron source to study the uniaxial compressive loading/unloading process. Time-of-flight neutron diffraction patterns were collected simultaneously by two Ϯ90°detector banks with a hold time of ϳ55 min at each load level. The load axis was aligned horizontally at 45°to the incident beam so that the two scattering vectors ͑ob-served by the Ϯ90°detector banks, respectively͒ were parallel or perpendicular to the loading direction ͑LD͒, respectively. 19 The incident neutron beam slit was 4 ϫ 7 mm 2 . The in situ loading experiment was performed at room temperature with the loading stress incremented stepwise from −5 to −250 MPa and then decreased stepwise to −5 MPa. Subsequently, the specimen was heated up to 513 K from room temperature under a stress of −5 MPa to study the recovery of plastic strain. The general structural analysis software ͑GSAS͒ ͑Ref. 20͒ was used for neutron data reduction. While the different ͑hkl͒ lattice strains were determined by fitting individual diffraction peaks, the neutron spectra collected by the two detector banks were fitted by GSAS to refine the lattice parameters, absorption, background, and the harmonic texture coefficients T ln ͑L max =10͒. Here the fiber symmetry along the LD of the specimen was verified by collecting the diffraction patterns using the detector bank ͑with the scattering vector͒ along the transverse direction while the specimen was rotated to different angles around the LD. Inverse pole figure ͑IPF͒ along the LD, i.e., Q͑ , ͒, which enables changes in the distribution of variants during loading and unloading to be quantitatively displayed, was thus determined at different loading states 21 
Q͑,͒
where P l n ͑x͒ is the associated Legendre function while and are the polar and azimuthal angles. The crystal symmetry is also used to construct the IPF.
The in situ high-energy x-ray diffraction experiments were carried out at the 11-ID-C beam line at the Advanced Photon Source, Argonne National Laboratory. This station provided a monochromatic beam of hard x rays ͑115 keV͒ having a beam size of 0.8ϫ 0.8 mm 2 . The x rays were incident perpendicular to the LD and the measurements were made in transmission geometry. A two-dimensional image plate detector ͑Mar345͒ was used to measure the diffracted x rays. Room temperature in situ uniaxial loading experiments were performed with the loading stress incremented stepwise from −8 to −217 MPa along the specimen's longitudinal direction. At each loading state, the specimen was rotated around the vertical axial from −4°to +5°in intervals of 1°, which covers nine intervals of reciprocal space to trace the variation in grains along the LD.
III. MICROSTRUCTURES
SEM observations showed that two kinds of twin morphology, i.e., twin variants having straight twin boundaries ͓zones A and B in Fig. 1͑a͔͒ and twin variants having curved twin boundaries ͓zone C in Fig. 1͑a͔͒ , exist in the initial ͑undeformed͒ Ni-Mn-Ga alloy. The grain size varies from 10 to 50 m. The thickness of the twin variants having straight twin boundaries is 1 -0.5 m, which, as can be seen in Fig. 1͑a͒ , is obviously less than that for twin variants having curved twin boundaries. For the specimen under a compressive uniaxial loading ͑with a total strain of ϳ4%͒, the twin width was slightly increased in zone A and some new fine twin variants appeared in zone B ͓as shown in Fig.  1͑b͔͒ . Further comparison between the twin morphologies of a small grain ͑zone D͒ for the initial and deformed specimens confirmed also the deformation-induced change in the arrangements of twin variants ͓as shown in Figs. 1͑c͒ and 1͑d͔͒. It was also observed that the change in twin domains strongly depends on the grain orientation or arranged configurations of twin domains. However, a detailed change in some fine microstructures, particularly the nanoscale twins inside the twin domain, cannot be seen by our SEM due to its limited resolution. Thus, we used in situ neutron diffraction to study the quantitative change in the statistical distribution of twin variants, and we used in situ high-energy x-ray diffraction to study the evolution of twin domains inside individual grains during the deformation.
IV. CHANGE IN THE DISTRIBUTION OF TWIN VARIANTS
The macroscopic stress versus strain curve obtained from neutron diffraction measurements during loading/ unloading, as shown in Fig. 2͑a͒ , displays three deformation stages during loading: ͑1͒ an elastic region ͑A to B͒, ͑2͒ a lower work-hardening-ratio region ͑B to C͒, and ͑3͒ a higher work-hardening-ratio region ͑C to E͒. The variation in lattice strain with applied load is shown for the ͑112͒ and ͑110͒ diffraction peaks in Figs. 2͑b͒ and 2͑c͒ , respectively. In the elastic region ͑A to B͒, an almost linear relationship is observed for both reflections. After entering into the lower work-hardening-ratio region ͑B to C͒, a slow increase in the ͑110͒ lattice strain and a fluctuation in the ͑112͒ lattice strain are observed. Interestingly, a large increase in the ͑110͒ lattice strain and almost constant lattice strain for ͑112͒ is found in the higher work-hardening-ratio region ͑C to E͒. This trend can be well explained by the grain-orientationdependent selection of detwinning during uniaxial loading. It is well established that the tetragonal structural Ni-Mn-Ga alloy exhibits twins having twinning elements K 1 = ͕112͖ and 1 = ͗11− 1͘. 22 The Schmid factor of the twinning activity is 0.47, 0.31, and 0.23 for grains along ͑001͒ Ќ LD, ͑112͒ Ќ LD, and ͑110͒ Ќ LD, respectively. Thus, the martensitic variants with the a-axis or b-axis along the LD are stable that may grow during compression at the expense of the variants with the c-axis along the LD through a detwinning process ͑direct evidences shown latter͒, as evidenced from a large Schmid factor in the grain orientation with the ͑001͒ Ќ LD and ͑112͒ Ќ LD. That is the reason why the lattice strain for the ͑112͒ reflection ͑ЌLD͒ remains constant in the region of C to E; however, a large elastic lattice strain for the ͑110͒ reflection ͑ЌLD͒ is required to maintain the strain balance in the polycrystalline material during compression.
A residual macroscopic strain of −3.1% was observed after unloading, whereas the residual lattice strains for the ͑110͒ and ͑112͒ reflections were −2 500ϫ 10 −6 and +450 FIG. 1. ͑Color online͒ SEM micrographs of the Ni-Mn-Ga ingot ͓͑a͒ and ͑c͔͒ before and ͓͑b͒ and ͑d͔͒ after deformation ͑ =4%͒.
ϫ 10 −6 , respectively. The observed −3.1% residual macroscopic strain reduced to −0.9% after the specimen was heated above the austenite finish temperature ͑450 K͒, as shown in the inset of Fig. 2͑a͒ . This trend indicates that the detwinning state is metastable and the difference in the energy between the stable and metastable states is a driving force for the SME in this alloy.
The IPFs derived from the neutron measurements are given in Fig. 3 for the different deformation stages indicated in Fig. 2 . In the initial state ͑A͒, the specimen exhibits three main texture components, i.e., ͑001͒ Ќ LD, ͑111͒ Ќ LD, and ͑hk0͒ Ќ LD. The main texture components corresponding to the martensitic variants are also given in Fig. 3 with the open and solid circles for ͑001͒ Ќ LD and ͑110͒ Ќ LD and the open and solid squares for ͑111͒ Ќ LD and ͑100͒ Ќ LD, respectively. Loading in the elastic region from points A to B causes a slight decrease in intensities for the ͑001͒ and ͑111͒ components but an increase for the ͑hk0͒ component. The low applied stresses in this elastic region actually cause detwinning through the movement of twin boundaries, as has been observed in single crystals. 9 For the lower workhardening-ratio region from B to C, as the detwinning process continues, the intensities of the ͑001͒ and ͑111͒ components become weaker and the ͑hk0͒ component becomes stronger. Eventually, the ͑001͒ component vanishes and the ͑111͒ component becomes quite weak when entering the higher work-hardening-ratio region from C to E. The detwinning after unloading is not reversed upon unloading, as seen from the unchanged IPF ͓Fig. 3͑f͔͒. This indicates that the −3.1% residual strain observed after unloading can be attributed to the reoriented variants through the detwinning process.
V. TRACING THE DETWINNING IN INDIVIDUAL GRAINS
High-energy x-ray diffraction has a high resolution and can measure the evolution of just a few grains at certain FIG. 2 . ͑a͒ The macroscopic strain vs stress curve. The inset shows the change in residual macroscopic strain as a function of temperature. ͑b͒ The ͑112͒ and ͑c͒ the ͑110͒ lattice strain vs stress curves. ͑d͒ Changes in the distortion energy for specified texture components ͓͑hkl͒ Ќ LD͔ as a function of applied stress. The points A-B-C-D-E-F correspond to the different deformation states .   FIG. 3 . ͑Color online͒ IPFs of the Ni-Mn-Ga alloy at the different deformation states specified in Fig. 2. azimuthal angles under deformation. Diffraction spots at certain azimuthal angles, i.e.,ϳ−70°for ͑004͒ and ϳ90°for ͑220͒, are selected to display the integral intensity variations at different sample rotation angles as a function of compressive stress, as shown in Figs. 4͑a͒ and 4͑b͒ , respectively. At the same azimuthal intervals, the diffraction spots covering a large =−4°−+5°for ͑004͒ and ͑220͒ are displayed in
Figs. 4͑c͒-4͑h͒. According to the stress versus strain curve obtained from high-energy x-ray diffraction measurements, the specimen is still in the lower work-hardening-ratio region for compressive stresses up to 217 MPa, which is slightly different from the neutron diffraction results ͓Fig. 2͑a͔͒. The differences can be attributed to the different sample geometries used for the two experiments. It is shown in Figs. 4͑a͒ and 4͑b͒ that the ͑004͒ or ͑220͒ grains rotate around 2°dur-ing the compressive stress from ϳ100 to ϳ200 MPa, which can be seen from the intensity variation at different . However, the total intensity of ͑004͒ grains becomes weaker and that of ͑220͒ grains slightly increases, as seen in the average intensity changes in Figs. 4͑a͒ and 4͑b͒ and the evolution of the diffraction spots in Figs. 4͑c͒-4͑h͒ . A rotation of ͑220͒ variants to the azimuth angle of +90°during compression was also seen ͓see Figs. 4͑f͒-4͑h͔͒.
The direct evidences from neutron and x-ray diffraction techniques show that the martensitic variants with the a-axis along the LD grow during compression at the expense of the variants with the c-axis along the LD. 9 This is the essence of the detwinning process and it is the way that materials "remember" their original shape during deformation. Detwinning leads to the changes in variants, and this is the main deformation mechanism. However, generation of dislocations will also accrue in the higher work-hardening-ratio region, 23 which cannot recover after being heated above the austenite finish temperature. Dislocations will limit the ability of the SME.
The variant reorientation of the detwinning process during loading can be explained by considering the influence of an external stress on the grain/variant orientation-dependent distortion energy ͓denoted as E͑g i ͔͒.
14 The external stress induces a lattice distortion, which may be expressed by three principle strains, i.e., 11 , 22 , and 33 . The variant orientation-dependent distortion energy E͑g i ͒ with external stress ij can be expressed as
where a ij is the element of the transformation matrix relating the crystal coordinate system to the sample coordinate system. For some special variant orientations, for example, ͑001͒ Ќ LD, ͑111͒ Ќ LD, ͑100͒ Ќ LD, ͑110͒ Ќ LD, and ͑112͒ Ќ LD, E͑g i ͒ has been calculated according to the lattice distortion at different stress levels from neutron diffraction experiments and plotted in Fig. 2͑d͒ . This figure shows that the grains with ͑100͒ Ќ LD and ͑110͒ Ќ LD exhibit the same distortion energy with increasing compressive stress. Between −5 and −100 MPa, the difference in distortion energy among the variant orientations is small, and this agrees with the small changes in the IPFs observed at this stage ͓Figs. 3͑a͒ and 3͑b͔͒. Beyond −100 MPa, with increasing applied compressive stress, the distortion energy increases for grains with ͑001͒ Ќ LD, ͑111͒ Ќ LD, and ͑112͒ Ќ LD and decreases for grains with ͑100͒ Ќ LD and ͑110͒ Ќ LD. This may well explain the enhanced density of those grains with ͑100͒ Ќ LD and ͑110͒ Ќ LD orientations and the decreased density of the grains with ͑001͒ Ќ LD and ͑111͒ Ќ LD. It is also found that distortion energy for ͑001͒ Ќ LD is slightly larger than for ͑111͒ Ќ LD. This trend should correspond to the early decrease in orientation intensity for the grains with ͑001͒ Ќ LD.
VI. CONCLUDING REMARKS
The neutron diffraction and high-energy x-ray diffraction techniques provide direct evidence of the reselection of martensitic variants through detwinning in Ni-Mn-Ga SMAs under a uniaxial deformation. The detwinning state was almost completely retained during unloading but was mainly reversed by heating above the phase transition temperature. These direct observations of the detwinning process of variants allow us to understand better the deformation mechanisms in SMAs used as sensors or actuators.
